Well-dispersed uniform spheres of crystalline CeO 2 were prepared by calcining precursor particles obtained by heating ammonium cerium nitrate for 4 h. These spherical substrates were examined using XRD and TEM methods, and by nitrogen adsorption studies at -196 o C. Subsequently, such cerium oxide particles prepared by calcination at 400-600 o C were used as catalysts for the conversion of isopropanol at 250-450 o C, using a flow method.
INTRODUCTION
Metal oxides play a very important role in materials technology because of their chemical, physical, mechanical, etc. properties. This is even more evident for nano-sized metal oxides. Nano-materials are considered an important class of advanced materials characterized by unique properties. In fact, the properties of materials with nanometric dimensions are found to be significantly different from those of molecules or bulk materials (Klabunde 2001) . Properties that can change in the nano-regime include band gaps, magnetic moments, specific heats, melting points, morphology/particle shape and surface chemistry. With respect to the latter point, the unusually high surface reactivity of nano-sized oxides has been attributed to their huge surface areas and to the relevant presence of defect sites (coordinatively unsaturated cations and anions) favoured by the polyhedral shape of nanoparticles. These properties have led to considerable academic and technological interest in the synthesis, assembly, fabrication and application of nano-materials (Fernandez-Garcia et al. 2004; Burda et al. 2005) .
Oxygen storage capacity (OSC) and the ability to readily convert between Ce 4+ and Ce 3+ (Trovarelli 1996) make ceria a key component in several applications, including solid oxide fuel cells (SOFC) (Murray et al. 1999; Steele 2000) , catalysis (Logothetidis et al. 2003) , gas sensors (Garzon et al. 2000) , chemical mechanical planarization (CMP) (Lu et al. 2003; Shchukin and Caruso 2004) , ceramics (Tompsett et al. 1997 ) and electronics (Tye et al. 1994) . For this reason, several studies dealing with the morphology, size, structure and other properties of ceria particles have been published Aiken et al. 1988) .
Ceria possesses a fluorite-type structure, with each O 2anion being surrounded by a tetrahedron of Ce 4+ cations located at the centre of a cubic arrangement of equivalent O 2atoms. From XPS spectral studies, it was claimed that a mixed-valency ground state of CeO 2 has to be considered, due to a partial charge transfer from the filled O 2p orbital (O 2-) to the empty 4f 0 (Ce 4+ ) orbital (Fujimori 1983; Kotani et al. 1985) . However, this suggestion has proved controversial (Wuilloud et al. 1984) . Theoretical calculations (Koelling et al.1983; Hill and Catlow 1993) have shown that some covalency exists between bulk Ce 4+ and O 2ions. Nevertheless, for simplicity and as has been assumed in recent calculations (Sayle et al. 1994; Conesa 1995) , CeO 2 is formally considered here as a pure ionic compound consisting entirely of Ce 4+ and O 2-2 -x ions, even at the surface. Upon heating CeO 2 at elevated temperatures under vacuum, or on reducing it employing either H 2 or CO at moderate temperatures, non-stoichiometric oxides with the formula CeO 2 -x (0 < x < 0.5) are readily obtained (Körner et al. 1989) . Oxygen vacancies are the predominant atomic point defects responsible for non-stoichiometry in ceria, which then appears as an n-type semiconductor (Faber et al. 1976) . Calculations have shown that oxygen vacancies are more easily formed at the ceria surface than in the bulk (Herrmann et al. 1989) . Upon partial oxygen elimination from O 2in the ceria structure -thereby forming O-vacancies -the remaining electrons may a priori be either completely delocalized in the conductor band or distributed among a few Ce δcations surrounding the thereby-created O-vacancy, or alternatively localized on Ce 4+ to form Ce 3-(Conesa 1995). Full discrete localization of excess electrons into individual Ce 3ions appears to be a more correct description (Conesa 1995) .
Because of its poor thermal stability, pure CeO 2 is seldom used in practice. A loss in surface area also occurs on heating due to the changes in the pore structure and crystallite growth (Park et al. 2000) . The structural features of a specific catalyst formulation (atomic and phase composition) are strongly dependent on these properties, and further development of the materials concerned will therefore require more detailed information on their chemistry in the solid state.
The object of the present investigation was to study the influence of the calcination temperature on the structural, morphological, surface and catalytic properties of ceria. These physiochemical properties were investigated using XRD, TEM and N 2 sorption methods. The catalytic properties of the ceria catalysts were also tested in the conversion of isopropanol.
EXPERIMENTAL

Catalyst preparation and catalytic measurements
Various ceria catalysts were prepared by heating ammonium cerium nitrate (Sinopharm Chemical Reagent Co., Shanghai, P. R. China) in air at 400, 500 or 600 o C, respectively, for 4 h. The catalytic conversion of isopropanol was carried out over these various catalysts at temperatures within the range 250-450 o C using a flow method. The reactant (spec. pure isopropanol) contained in a pure nitrogen gas flow was introduced into the system using a microdose pump (Unipan 335A) at a rate varying between 7.2 and 18.7 × 10 -2 mᐉ/min. The catalyst sample (100 mg) was introduced into a quartz reactor, placed between two silica wool beds and activated by heating at 400 o C for 2 h in a current of dry air free from CO 2 . After such treatment, it was allowed to cool down to the temperature of the catalytic reaction. The gaseous and liquid products of the catalytic reaction were analyzed using a programmed gas-liquid chromatograph (Perkin-Elmer 8600) double-flame ionization detector associated with a column containing 5% CW 1540 on CSORB (Gaw-DMCs) which was applied for alcohols using pure nitrogen as the carrier gas.
Catalyst characterization
X-Ray measurement of the various mixed solids was carried out using a Bruker D8 advance diffractometer. The patterns were run with Cu Kα radiation at 40 kV and 40 mA at a scanning speed in 2θ of 2º/min.
The crystallite size of CeO 2 present in the investigated solids was determined on the basis of X-ray diffraction line-broadening and calculated by using the Scherrer equation (Cullity 1976 ):
(1) where D is the mean crystallite size of the phase under investigation, B is the Scherrer constant (0.89), λ is the wavelength of the X-ray beam used, β is the full-width half-maximum (FWHM) of diffraction and θ is the Bragg angle.
Transmission electron micrographs (TEM) were recorded on a JEOL TEM-1230 electron microanalysis instrument, the samples being dispersed in ethanol and then treated ultrasonically in order to disperse individual particles over gold grids.
The surface characteristics of the various solid catalysts, viz. specific surface area (S BET ), total pore volume (V p ) and mean pore radius ( r -), were determined from nitrogen adsorption isotherms measured at -196 o C using a Nova 2000 commercial BET unit (Quantachrome, Boyton Beach, FL, U.S.A.). Before undertaking such measurements, each sample was degassed under a reduced pressure of 10 -5 Torr for 2 h at 200 o C. Figure 1 displays the XRD patterns of ceria catalysts calcined at 400, 500 and 600 o C, respectively, for 4 h. Qualitative analysis of the spectra showed that the investigated solids crystallized in the CeO 2 -type structure with the cubic space group Fm3m (Machida et al. 2000) . It is apparent from Figure 1 that the patterns contained eight main reflections typical of the cubic fluorite structure of CeO 2 , corresponding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1) and (4 2 0) planes. Thus, the investigated solid calcined at 400 ºC showed all the diffraction peaks of the CeO 2 phase and possessed moderate crystallinity. Moreover, increasing the calcination temperature from 400 o C to 500 ºC led to only a slight increase in the degree of ordering of this oxide, as shown from its crystallinity. Heat treatment of the investigated system in air at 600 o C resulted in a progressive increase in the degree of crystallinity of the CeO 2 phase, as evidenced by the significant increase in the height of all the diffraction peaks of the investigated oxide with a subsequent decrease in their width. The effect of heat treatment on the mean crystallite size, degree of crystallinity, lattice constant, unit cell volume and d-spacing of the main diffraction lines of CeO 2 phase have been investigated
RESULTS AND DISCUSSION
Structural characterization
θ cos by analysis of the X-ray diffractograms depicted in Figure 1 . The computed values of these parameters are listed in Table 1 . Examination of the data listed in table leads to the following conclusions:
Increasing the calcination temperature of the ceria specimen from 400 o C to 500 o C resulted in a moderate increase (10%) in both the crystallite size and the degree of crystallization of the CeO 2 phase. (ii) Increasing the calcination temperature from 500 o C to 600 o C led to a considerable increase in the crystallite size of the CeO 2 phase, although this remained in the nano-crystalline range -the maximum increase in both the crystallite size and the degree of crystallization of the CeO 2 phase due to thermal treatment was 100% for the sample heat-treated at 600 o C. (iii) The d-spacing of the main diffraction line (111) of the CeO 2 phase increased on increasing the calcination temperature from 400 o C to 600 o C. Thus, a measurable increase occurred in the d-value of the main diffraction line of the CeO 2 phase from 0.31213, 0.31215 to 0.31217 for samples calcined at 400, 500 and 600 o C, respectively, indicating some kind of lattice expansion. (iv) In addition, a measurable increase in the lattice constant and the unit cell volume of cerium oxide was observed on increasing the calcination temperature as indicated in Table 1 . This could be attributed to the partial removal of chemisorbed oxygen from CeO 2 occurring at elevated temperatures, with the subsequent transformation of some of the Ce 4+ ions to Ce 3+ ions and the formation of oxygen vacancies.
Using the Kroger-Vink notation, the vacancy formation reaction may be written as: In this picture of defect formation, two electrons from the oxygen atom are transferred to two cerium ions neighbouring a vacancy site, so that these cerium ions are reduced from the +4 state to the +3 state (Nolan et al. 2006) . The conversion of some cerium ions included in the CeO 2 solid from the tetravalent to the trivalent state due to desorption of some chemisorbed oxygen would be accompanied by an expansion in its lattice. This is because of the difference between the ionic radii of Ce 4+ and Ce 3+ ions (0.101 and 0.111 nm, respectively) (Greenwood 1964) .
The values of the mean crystallite size of the CeO 2 phase in the investigated solids calcined at 400, 500 and 600 o C allowed the calculation of the sintering activation energy (E s ) of the CeO 2 solid via the Arrhenius equation (Deraz 2008) . The corresponding value of E s was found to be 17 kJ/mol for the CeO 2 sample.
Morphological characterization
The micro-structure of the as-prepared samples calcined at 400, 500 and 600 o C was examined by TEM with the resulting micrographs being depicted in Figures 2(a) -(c). From these micrographs, it can be seen that each sample consisted of aggregates of very small particles distributed randomly. The ceria sample calcined at 400 o C was highly porous in nature and consist of crosslinked clusters of small particles [ Figure 2 . These results also indicate that higher temperatures greatly enhanced the growth of cubic crystallites, which is in good agreement with the XRD results.
The corresponding selected-area electron diffraction (SAED) patterns of samples calcined at 400, 500 and 600 o C are also shown in Figures 2(a)-(c) . These all show ring patterns, which reveal the crystalline cubic fluorite structure. An increase in heat treatment resulted in stronger ring patterns, indicating a highly crystalline structure with a large particle size. According to the diffraction patterns depicted in Figure 2 , the measured lattice constants and interplanar spacing (d hkl ) agree with those obtained via XRD analyses.
Surface properties
Different surface characteristics, viz. specific surface area (S BET ), total pore volume (V p ) and mean pore radius (r -) of the various solids were determined from N 2 adsorption isotherms conducted at -196 ºC. All the isotherms displayed common characteristics, being similar in the shape to type II of Brunauer's classification (Brunauer 1945) . The adsorption/desorption isotherms for nitrogen on the various samples investigated are depicted in Figure 3(a) . These isotherms consist of an initial sigmoidal section corresponding to the formation of the first adsorbed layer, an almost horizontal middle section corresponding to multilayer formation and finally a steep vertical section corresponding to capillary condensation. The adsorption/desorption isotherms all exhibited closed hysteresis loops over the high relative pressure section of the isotherms. The existence of such hysteresis loops may be explained by capillary condensation in mesopores.
The results obtained are listed in Table 2 . The data recorded in the table indicate that the specific surface area, S BET , of the cerium oxide decreased on increasing its calcination temperature. This effect may be attributed to particle aggregation, as observed in the TEM images, leading to a pore-widening process with a subsequent decrease in the total pore volume, V p , and an increase in the mean pore radius, r -, of the investigated solid. It will be noted that S BET for the CeO 2 sample calcined at 400 o C was ca. 46 m 2 /g, but dropped to a value of ca. 21 m 2 /g when the ceria sample was calcined at 600 o C. The maximum increase in the mean pore radius ( r -) was 57.14% for the ceria specimen calcined at 600 o C, while the maximum decreases in its S BET and V p values were 54.35 m 2 /g and 39.98%, respectively. The observed decrease in both the S BET and V p values of the tested solid with increasing calcination temperature could be attributed to grain growth and/or adhesion of the CeO 2 nano-particles. Taking the XRD and TEM results into account, it was observed that the formation of agglomerated particles increased to an extent proportional to the increase in the calcination temperature of ceria. 418 N.M. Deraz and A. Alarifi//Adsorption Science & Technology Vol. 27 No. 4 2009 More detailed information on the porosity is available from the pore volume distribution curves shown in Figure 3(b) , constructed by plotting dV/dr against the pore radius (Brunauer et al. 1968) . Figure 3(b) shows that the investigated solids exhibited different distribution models in which most of the pores were located in the micropore range. However, the maxima of the pore volume distribution curves were located in the range 1.3-1.8 nm. The heights of these distribution curves decreased on increasing the calcination temperature, indicating a decrease in the porosity of the investigated solids. This decrease parallels the decrease in the surface area.
The S BET data measured for the as-prepared solid heated in air at different temperatures enabled the sintering activation energy (E s ) to be determined via an application of the Arrhenius equation (Deraz 2003) . The computed value of E s was found to be 17 kJ/mol for ceria calcined at different temperatures. This value of E s is in good agreement with that obtained from the XRD data.
Catalytic activity
Catalytic conversion of isopropanol over the as-prepared ceria catalysts calcined at 400-600 o C was carried out at temperatures within the range 250-450 o C using a flow system. The catalytic conversion of this alcohol over the CeO 2 solid calcined at different temperature proceeded via a dehydrogenation reaction to yield acetone as the sole product, thereby demonstrating its excellent selectivity for dehydrogenation. Figure 4 depicts the percentage conversion of isopropanol to acetone over CeO 2 as the catalyst as a function of the reaction temperature within the range 250-450 o C. The data depicted in the figure clearly show that the effectiveness of ceria as a catalyst in the dehydrogenation reaction decreased in proportion to the calcination temperature employed in its preparation. The effective decrease in the catalytic performance of ceria solids on increasing their calcination temperatures from 400 o C to 600 o C could be attributed to the induced change in their specific surface areas. In fact, such thermal treatment, which effectively decreases their specific surface areas from 46 m 2 /g to 21 m 2 /g, might also decrease their catalytic activity. However, increasing the heat treatment could also increase the sintering of the cerium oxide solids, depending upon the grain growth and/or agglomeration of the ceria nano-particles (Deraz 2002 (Deraz , 2003 . This expectation has been verified experimentally by the observation that the activity of the ceria solids decreased on increasing their calcination temperatures from 400 o C to 600 o C. This could be related to the decrease in the formation of the unsintered CeO 2 phase which acts as a very active dehydrogenation agent brought about by such thermal treatment. It has been shown in the present work (see Section 3.1 above) that an increase in the calcination temperature of the investigated system from 400 o C to 600 o C led to a considerable increase in the formation of wellcrystallized CeO 2 . Indeed, the degree of crystallinity, crystallite size, lattice constant and unit cell volume of the produced CeO 2 phase were all found to increase on increasing the calcination temperature up to 600 o C. In fact, the partial removal of chemisorbed oxygen from CeO 2 which occurs at elevated temperatures could well lead to the transformation of some Ce 4+ ions to Ce 3+ ions and to the formation of oxygen vacancies. Hence, the arrangement of the oxygen vacancies at the surface of the metal oxide has a significant effect on the catalytic behaviour of ceria catalysts.
Determination of the activation energy of isopropanol conversion (∆E a ) carried out over the as-synthesized solids could shed more light on the possible changes in the mechanism of the catalyzed reaction. For this reason, the values of the percentage conversion over the as-prepared solids as catalysts measured over the temperature range 250-450 o C have allowed the magnitude of ∆E a to be determined by direct application of the Arrhenius equation. The corresponding ∆E a values were found to be 7, 10 and 17 kJ/mol for the ceria solids calcined at 400, 500 and 600 o C, respectively. This shows that increasing the calcination temperature of the ceria solids brought about a progressive increase in ∆E a whose extent was proportional to the temperatures employed. This finding should be considered in parallel with the observed decrease in the catalytic activity of the investigated solids due increasing heat-treatment temperature. This increase in the value of ∆E a could be attributed to a possible increase in the pre-exponential term of the Arrhenius equation.
CONCLUSIONS
The following conclusions may be drawn from the results obtained in the present investigation:
1.
Heat treatment of the as-prepared oxide resulted in an increase in the crystallinity of the CeO 2 phase, with a subsequent increase in its size, lattice constant and unit cell volume.
2.
The specific surface areas and catalytic activities of ceria catalysts calcined at 400-600 o C decreased progressively on increasing the calcination temperature.
3.
Heat treatment of CeO 2 nano-particles did not modify the mechanism for the catalytic conversion of isopropanol, but changed the concentration of catalytically active constituents in the top surface layers of the investigated catalysts without changing their energetic nature.
